1. Introduction {#sec1-1}
===============

According to the most recent report by the American Cancer Society, an estimated 39,400 new cases of oral and pharyngeal carcinoma occurred in the US in 2011, which resulted in almost 8000 deaths \[[@r1]\]. Despite the relative ease of access to the oral cavity and the high success rate for the treatment of localized malignancies, oral cancer is still the 11th most prevalent form of cancer \[[@r2]\]. The 5-year survival rate for early stage malignancies is approximately 80% but can be as low as 19% for cases with metastasis \[[@r3]\]. Thus the early detection and treatment of oral squamous cell carcinoma (OSCC), which accounts for 96% of oral cancers, is critical to reduced morbidity and mortality. Oral malignancy progresses in a multistep process that begins with premalignant alterations of the oral mucosa. In particular, oral dysplasia is of significant interest as it is associated with a high malignant transformation rate, depending on the severity \[[@r4],[@r5]\]. For example, severe dysplasia has a reported malignancy transformation rate up to 50%, moderate dysplasia varies from 3% to 15%, while mild dysplasia has a very low risk of less than 5% \[[@r6]\]. Although clinically observable conditions including leukoplakia and erythroplakia can be indicators of dysplasia, dysplasia itself cannot be detected visually. At present, histological grading subsequent to biopsy remains the primary determinant of potential pre-malignant or malignant change \[[@r2]\]. Given the likelihood of transformation for advanced dysplasia, a recommended treatment for premalignancy is the surgical excision of high risk lesions \[[@r7],[@r8]\]. However, success is dependent upon accurate identification of these sites of interest.

The progression to pre-cancer and cancer involves a complex series of biochemical and morphometric changes occurring at multiple layers throughout the oral mucosa \[[@r5],[@r9]\]. Some of the earliest known alterations originate near the basement membrane and progress towards the surface \[[@r9]\]. Early alterations in the extracellular matrix also occur in the stroma, some of which may even precede epithelial alterations \[[@r5]\]. However, clinical diagnosis of premalignancy and malignancy typically involves white light inspection of suspicious sites, which essentially precludes subsurface interrogation. Layer-resolved analysis could potentially improve noninvasive diagnosis of treatable precancerous lesions and early cancers as a consequence of the likely earlier detection compared to characterization based on surface alterations or bulk properties. An enhanced understanding of neoplastic progression is yet another potential benefit of layer-resolved evaluation of dysplastic mucosa.

The autofluorescence of native biochemicals and tissue constituents including collagen in precancerous and cancerous tissue including the oral mucosa has been shown to be sensitive to neoplastic change \[[@r10],[@r11]\]. Several imaging \[[@r11]--[@r14]\] and spectroscopy techniques \[[@r15]--[@r18]\] based on this principle have been exploited as non-invasive diagnostic approaches for *in vivo* microscopic examination of suspicious sites. Significant promise has been shown in clinical studies particularly with regard to optical spectroscopy \[[@r19],[@r20]\] and it is conceivable that this technique may eventually obviate or more likely, significantly reduce the need for biopsies. However, single photon (1P) or linear spectroscopy is encumbered by two main limitations. Firstly, signal acquisition depth is restricted due to the high scattering associated with the UV excitation. Optical penetration in dysplastic tissue is further limited by attenuation due to thickening of the epithelium, increased scattering associated with intracellular morphologic changes and absorption due to increased micro-vascularity \[[@r21]\]. Secondly, (1P) excitation elicits fluorescence from an extended excitation volume \[[@r22]\]. This effect is substantially mitigated in confocal fluorescence microscopy but at the expense of signal intensity. Achieving an optimal balance between these competing parameters in 1P spectroscopy usually means that localized excitation is compromised, resulting in bulk excitation. In the case of the oral mucosa, statistical approaches for decoupling the stratum corneum, epithelium and stromal emission contribution, including principle component analysis \[[@r23]\], have been investigated. A priori information is however often required and the results are difficult to validate. In recent years, several approaches have been proposed for "depth-sensitive" fiber-based spectroscopy including the use of ball lens coupled fiber optic-probes \[[@r19]\], angled illumination \[[@r20]\], multiple point signal collection away from excitation probe \[[@r24]\], and differential path-length spectroscopy \[[@r21]\]. In each instance, only approximate depth sensing (i.e. shallow, medium, deep) was possible.

In this work the spectroscopic characteristics of oral dysplasia were investigated using *in vivo* layer and intra-layer resolved two-photon micro-spectroscopy. This approach exploits the inherent advantages of two-photon compared to 1P microscopy which includes superior penetration depth, reduced photo-damage due to near-infrared excitation and highly localized excitation volumes \[[@r22]\]. While two-photon microscopy has been investigated for evaluating normal oral mucosa \[[@r25]\], morphometric change with oral neoplasia \[[@r26]\], as well as image-based redox measurement \[[@r27]\], two-photon spectroscopy has been restricted to the study of normal oral mucosa \[[@r28]\]. This research presents an initial summary of some of the non-linear spectroscopic changes observed in each of the stratified layers of the oral mucosa in normal and dysplastic oral mucosa.

2. Method and materials {#sec1-2}
=======================

2.1. Multiphoton imaging/ spectroscopy system {#sec2-1}
---------------------------------------------

Multiphoton imaging and spectroscopy were performed using a custom-built system \[[@r25]\] with an incorporated spectrometer. The spectrometer consisted of a spectrograph (Acton Research Corporation, Spectra Pro 150) with a calibrated EM CCD camera (Newton, Andor, Ireland) used for detecting and recording spectral information. [Figure 1](#g001){ref-type="fig"} Fig. 1Diagram depicting experimental setup for *in vivo* two photon autofluorescence spectroscopy and imaging. HWP: half wave plate; GT: Glans Thompson prism; BE: beam expander; DF: dichroic filter; TM: translational mirror. depicts a schematic of the experimental setup. A Ti:sapphire femtosecond (\~100fs, 82MHz) laser (Tsunami, Spectra-Physics, CA) tunable from \~690 nm to 900 was used as the excitation source.

The spectral resolution of the spectroscopy system was 0.1nm per pixel in the spectral window 200 nm-700 nm. A 300g/mm grating was utilized and the entrance slit separation was maintained at 0.25 mm for all measurements. Prior to spectral data acquisition, calibration was performed using a Mercury-argon light source. The spectral transmission properties of the dichroic and optics (lenses, mirrors, filters etc.) of the microscopy system was determined and used to correct all measured emission spectra. An additional flat field correction was made for the wavelength dependence of the CCD camera using two standard fluorophores \[[@r29]\]. All recorded spectra were background corrected and subsequently processed for the removal of sharp spikes due to cosmic rays. An integration time of 10 seconds was used for spectra acquisition in all instances.

A translation mirror in the detection path selectively directed the emission signal from the sample to either a photo-detector for imaging or to the spectroscopy setup. The incident power on the sample was maintained at 24 mW during signal acquisition. A 40X, 1.2 NA water immersion lens (C-Apochromat) objective was utilized for both imaging and spectroscopy. In imaging mode, broadband emission in the range 400-650 nm was collected. The acquired 2P images presented are morphologically representative of the different tissue classifications investigated and consistent with previously published results \[[@r10],[@r25],[@r26]\].

2.2. Animal model {#sec2-2}
-----------------

A Golden Syrian hamster model for oral precancer was utilized in this study \[[@r30]\]. This model follows the transformation of oral mucosa from normal to precancer to squamous cell carcinoma in a manner analogous to that in humans \[[@r31]\]. The right buccal pouch of the hamsters was treated by thrice-weekly topical application of 0.5% 9, 10-dimethyl-1, 2-benzanthracene (DMBA) for 6-7 weeks to induce dysplasia (n = 4). Controls were untreated (n = 4). Prior to spectral interrogation and imaging, each animal was anesthetized with a mixture of 150 mg/kg ketamine and 2.5 mg/kg xylazine via intraperitoneal injection. The buccal pouch was everted, rinsed with distilled water and attached to a sample holder for imaging. Spectroscopy results and multiphoton images were obtained from three sites for each animal (12 DMBA-treated sites and 12 sites from control animals). At each site, the stratum corneum, superficial and basal epithelium, and submucosal stroma were each investigated at 780 nm, 800 nm, 840 nm and 890 nm excitation. Pilot assessments of the variability between the three sites were conducted in which multiple measurements were acquired and tested for significant differences via ANOVA analysis. The difference (peak position and spectral distribution) between the normalized three spectra acquired at each site was not statistically significant, although a slightly greater variation was observed for dysplasia than for normal tissue. This was true even for sites containing morphometric variation as revealed from 2P imaging. Imaged sites were biopsied, fixed in 10% neutral-buffered formalin, embedded in paraffin and transversely sectioned. Each section was stained using hematoxylin-eosin (H&E) and graded by a pathologist (SQ) for histological stage (normal, moderate dysplasia, severe dysplasia). All studies were approved by the Institutional Animal Care and Use Committee at the University of Texas Medical branch and conformed to the Guide for the Care and Use of Laboratory Animals.

2.3. Data analysis {#sec2-3}
------------------

All data processing to assess spectroscopic intensity and spectral differences was performed using proprietary code written in Matlab. Intensity data was obtained from the spectral plots by integrating the area below the curve. Statistical comparison between normal and dysplastic groups (moderate, severe) was achieved by ANOVA followed by Tukey's post hoc test.

3. Results {#sec1-3}
==========

3.1. Oral mucosa histopathology {#sec2-4}
-------------------------------

Representative images of H&E stained sections for each grading are shown in [Figs. 2(a)](#g002){ref-type="fig"} Fig. 2Cross-sectional H&E sections of normal (a), moderate dysplasia (b) and severe dysplasia (c) for hamster oral mucosa. The region above the basal layer in figure (a) represents the epithelium with the stroma represented by the structure below this layer. The dysplastic specimens are characterized by significant changes including a thickening of the stratum corneum (hyperkeratosis) HK which is observed in figures (b) and (c).--[2(c)](#g002){ref-type="fig"} with the three main stratified layers of interest represented in image (a). The stratum corneum is composed primarily of dead cornified cells which have migrated to the surface and has a uniform thickness of about 10-15 µm in the oral mucosa of normal hamsters \[[@r25]\]. In [Fig. 2(a)](#g002){ref-type="fig"}, the basal layer is identified by the dotted green line. Immediately below this layer is the submucosal stroma which is includes type I collagen, elastin and fibroblasts. Normal mucosa is characterized by uniform, well-defined layers as shown in [Fig. 2(a)](#g002){ref-type="fig"}. Dysplastic tissue however, is characterized by changes in the stratified layers including thickening of the stratum corneum (hyperkeratosis), the appearance of prickle cells in this outer layer (parakeratosis) which is apparent from the presence of nuclei in this normally anuclear layer, the proliferation of cells from the basal layer throughout the thickness of the epithelium, and the disruption of the usual boundaries which separate the layers. The latter is evident in the basal layer of [Fig. 2(c)](#g002){ref-type="fig"}. In moderate dysplasia basal cell proliferation is present in approximately the lower two-thirds of the epithelium whereas the full epithelium is involved in severe dysplasia.

3.2. Stratum corneum {#sec2-5}
--------------------

In [Fig. 3](#g003){ref-type="fig"} Fig. 32P micrographs of the stratum corneum of the oral mucosa for (a) normal, (b) moderate and (c) severe dysplasia (Scale bar in a-c is 50 µm). Representative spectra from each of these three groups is shown in (d) for 780 nm excitation. Plot (e) represents the emission peak position with respect to excitation wavelength for the three groups with standard error bars. For each grading classification, the total emission intensity at 780 nm to 890 nm excitation is shown in (f). The error bar in (e) represents the standard error. Level of significance is shown for moderate and severe relative to normal \*(p \< 0.05), \*\* (p \< 0.001)., representative *in vivo* 2P micrographs at 780 nm excitation of the stratum corneum for normal (n = 12), moderate (n = 4) and severe dysplasia (n = 4) of the oral mucosa are depicted. Two of the 12 DMBA treated sites were graded as mild (not included) and two samples could not be assigned a definitive grade. Mild dysplasia is associated with a low rate of transformation to OSCC and is not of significant clinical interest. This grade was therefore not included in this study. Several reports on the observed differences in the stratum corneum with premalignant and malignant changes have been reported \[[@r10],[@r26],[@r32],[@r33]\]. These include reduced autofluorescence intensity and irregularly shaped keratinocytes, which were observed quantitatively in the current study. Normalized averaged spectroscopy results for normal and two grades of dysplasia are presented in [Fig. 3(d)](#g003){ref-type="fig"} for 780 nm excitation.

The spectrum for normal stratum corneum (black) is more symmetric with a peak at approximately 515 nm whereas the emission spectra is asymmetric and blue-shifted by approximately 30 nm relative to normal in the case of dysplasia. As shown in plot 3(e), the magnitude of the blue shift is observed to decrease with excitation wavelength up to 860 nm, after which a slight red shift was recorded. This difference was statistically significant at all wavelengths except 840 nm. While differentiation between normal and dysplastic oral mucosa is possible based on the emission peak position, this parameter did not allow for discrimination between the dysplastic groups. The total emission intensity from the stratum corneum as a function of excitation wavelength is shown in [Fig. 3(f)](#g003){ref-type="fig"} for the different classification of oral mucosa. An overall decrease in the emission intensity is observed with both the progression of dysplasia and the increase in the excitation wavelength. Statistically significant differences in intensity between the normal and dysplastic mucosa occurred at 800, 840, 890 nm excitation, with the most pronounced differences observed at the latter wavelength.

3.3. Epithelium {#sec2-6}
---------------

*In vivo* 2P autofluorescence representative images of the superficial ([Figs. 4(a)](#g004){ref-type="fig"} Fig. 4Images (a)--(c) are *in vivo* 2P micrographs of normal, moderate dysplasia and severe dysplasia respectively, of the superficial epithelium of the oral mucosa at 780 nm excitation. The results for the basal layer are represented in images (d)--(f). The dotted white circle in (a) represents a collection of prickle cells in which the dark elliptical centers correspond to the nuclei. The cytoplasm of these cells is bright relative to the nuclei. Scale bar in a--f is 50 µm.--[4(c)](#g004){ref-type="fig"}) and basal epithelium ([Figs. 4(d)](#g004){ref-type="fig"}, [4(e)](#g004){ref-type="fig"}) are shown in [Fig. 4](#g004){ref-type="fig"} for 780 nm excitation. The latter corresponds to the region of the mucosa directly at the epithelial-stromal interface while the former defines the region directly below the stratum corneum. This distinction is made in light of the fact that histological changes in pre-neoplasia begin at the basal layer and progress upward. It may therefore be possible to detect precancerous changes in the basal but not the superficial epithelium.

Dark elliptical circles present in each of the images indicate the position of the nuclei of prickle cells. An overall increase in nuclear size is observed with the progression from normal to severe dysplasia. In the basal epithelium, an increase in the cellular density is apparent with the progression to severe dysplasia. The spectroscopic features of superficial and basal epithelium are shown in [Fig. 5](#g005){ref-type="fig"} Fig. 5Representative emission spectra plots for normal, moderate and severe oral mucosal tissue are shown in (a) and (b), at 780 nm excitation for the superficial and basal epithelium respectively. Plots (c) and (d) represent the emission peak position as a function of excitation wavelength for the different classifications. The total emission intensity of the three tissue grades are show for the superficial epithelium (e) and basal epithelium (f), at four excitation wavelengths. Level of significance is shown for moderate or severe relative to normal \*(p \< 0.05), \*\* (p \< 0.001).. In the superficial epithelium, a blue shift of approximately 35 nm is observed between the emission spectra of the dysplastic mucosa relative to the normal at 780 nm excitation as shown in [Fig. 5(a)](#g005){ref-type="fig"}.

This is confirmed in [Fig. 5(c)](#g005){ref-type="fig"} and [Fig. 5(d)](#g005){ref-type="fig"} where it is also apparent that the blue shift in both layers decreases with excitation wavelength. In the epithelium, the shift in the emission spectrum between normal and dysplasia is significant at 780 nm and 840 nm (p \< 0.001). It was also possible to differentiate between moderate and severe dysplasia at these two wavelengths (p \< 0.05). The normalized emission curves for the dysplastic tissue are identical below approximately 460 nm for both investigated regions of the epithelium but a consistently higher intensity was detected for moderate dysplasia above this wavelength (5a and 5b). This observation will be further highlighted in the discussion section. A statistically significant decrease in the emission intensity occurred with the progression of dysplasia and with increasing excitation wavelength except at 780nm, as shown in [Fig. 5(e)](#g005){ref-type="fig"} and [Fig. 5(f)](#g005){ref-type="fig"}.

3.4. Metabolic Activity {#sec2-7}
-----------------------

The dominant fluorophores in the epithelium for 1P excitation ranging from 350 nm to 450 nm are the metabolic co-enzymes NAD(P)H and FAD \[[@r27],[@r34]\]. Two-photon excitation at 780 nm is expected to elicit fluorescence from both NAD(P)H and FAD whereas excitation at 890 nm will elicit a signal primarily from FAD \[[@r34]\]. NAD(P)H emits in the 400 to 500 nm range with a peak near 450 nm at 780 nm excitation, while FAD emits in the 450 to 650 nm range with a peak at approximately 530 nm, for 890 nm excitation \[[@r34]\]. The redox ratio is a measure cellular metabolic activity and can be determined from the ratio of the concentration of NAD(P)H relative to FAD \[[@r35]\]. An optically derived redox ratio was determined for 2P excitation of cellular regions within the epithelial layer of the oral mucosa at 780 nm and 890 nm excitation wavelengths. The spectra at these two wavelengths are represented by the red and blue spectral plots respectively in [Fig. 6(a)](#g006){ref-type="fig"} Fig. 6(a) Spectral plots for 780 nm and 890 nm excitation of the epithelia layer of normal oral mucosa (red and blue plots respectively) are displayed. The green plot represents the difference between the two plots after normalization at longer wavelengths and represents the contribution due to NAD(P)H) only. The bar graph shown in (b) represents the redox ratio for the superficial and basal epithelium of normal, moderate and severe dysplasia of the oral mucosa, \*\*(p\<0.001).. Decoupling of the FAD contribution at 780 nm excitation was achieved by first equalizing the 780 nm and 890 emission spectra for λ \> 530 nm as shown in 6(a). This region of both spectra is attributable primarily to FAD fluorescence since the NAD(P)H contribution beyond this wavelength is extremely small \[[@r34]\]. Subtraction of the 890 nm plot from that of 780 nm results in the difference plot (green) of 6(a) which is due primarily to NAD(P)H. This is evidenced by the emission peak at approximately 450 nm and the spectral distribution from 400 nm to approximately 550 nm.

The optical redox ratio is defined here as intensity ratio of NAD(P)H/FAD and is represented in [Fig. 6(b)](#g006){ref-type="fig"} for the different classification of oral mucosa. As defined, a higher ratio corresponds to higher cellular metabolic activity. Thus the results indicate greater metabolic activity for dysplasia relative to normal in both investigated layers.

3.5. Stromal layer {#sec2-8}
------------------

Multiphoton micrographs of the upper stroma in normal, moderate, and severe dysplasia are shown in [Figs. 7(a)](#g007){ref-type="fig"} Fig. 7Images (a) to (c) are 2P images of the stroma for normal, moderate and severe oral mucosa tissue. The normalized spectroscopy results for 780 nm excitation are represented in (d). Plot (e) represents the emission peak position as a function of excitation wavelength. Bar plot (f) depicts the emission intensity results. Scale bar in a-c is 50 µm. Level of significance is shown for moderate or severe relative to normal \*(p \< 0.05), \*\* (p \< 0.001).--[7(c)](#g007){ref-type="fig"}. The well-defined fibrillar features of normal stroma are less well defined with the progression of dysplasia.

A strong SHG peak dominates the emission as seen in [Fig. 7(d)](#g007){ref-type="fig"} (inset) and this is consistent with the expected response from type I collagen \[[@r32]\] a major component of oral mucosa stroma. In [Fig. 7(d)](#g007){ref-type="fig"}, the normalized emission spectra for all three classifications of oral mucosa have similar spectral distribution for 780 nm excitation. Nevertheless, a blue shift is also observed for this layer although the magnitude of the shift is small compared to the stratum corneum and epithelial layer as shown in [Fig. 7(e)](#g007){ref-type="fig"}. The peak shift at 800 nm allowed for differentiation between normal and dysplasia, in addition to distinction between the two abnormal mucosa classifications. The difference between normal and moderate dysplasia was statistically significant at all wavelengths except 840 nm, whereas the difference between normal and severe was significant only at 800 nm. For normal tissue, the autofluorescence signal is approximately two orders of magnitude smaller compared to the other layers. A significant decrease in the autofluorescence intensity between normal and dysplastic mucosa was observed at all four excitation wavelengths investigated.

A secondary peak was detected in the stroma near the SHG signal as shown in [Fig. 8](#g008){ref-type="fig"} Fig. 8Emission spectra for the stroma for normal, moderate and severe dysplasia oral mucosa at 890 nm excitation. A very strong SHG peak was observed in addition to a very weak Raman peak. A similar result was observed for 840 nm excitation of this layer. for 890 nm excitation. A similar phenomenon has been previously reported in normal mouse skin tissue \[[@r33],[@r36]\] and was attributable to a Raman shift. Our calculations for the relative wavenumber shifts are in close agreement to published results for a similar experiment \[[@r36]\]. It was observed that this peak is on average 3 times greater amplitude in both moderate and severe dysplasia compared to normal oral mucosa (n = 18). This result is interesting and should be further investigated to establish the potential of this signal as an indicator of the presence of dysplastic changes in oral mucosa and other epithelial tissue.

4. Discussion {#sec1-4}
=============

In this approach, two-photon spectroscopy was utilized for the layer-resolved in-vivo characterization of normal and precancerous oral mucosa. These preliminary results indicate specific differentiation in spectroscopic signals between normal tissue and dysplasia, both in intensity and in emission spectral peak characteristics. It is anticipated that this work will assist in defining future noninvasive assessment of neoplastic oral mucosa via nonlinear optical spectroscopy/microscopy. Additionally, results could be relevant to single photon spectroscopic assessment of oral mucosa. For example, while it has been reported in single photon spectroscopic studies that the emission intensity of the bulk mucosa is significantly reduced for dysplasia compared to normal \[[@r24]\], evidence presented using depth-resolved nonlinear spectroscopy reveals that this is also true for each individual layer investigated. Highly statistically significant changes were observed for specific wavelengths in each layer, reinforcing the notion of judicious wavelength selection for optimum detection and diagnosis of neoplastic change.

In the stratum corneum for example, a statistically significant decrease in emission intensity between normal and dysplasia (moderate and severe inclusive) was observed for all excitation wavelengths except at 780 nm ([Fig. 3(f)](#g003){ref-type="fig"}). A similar trend was reported in one image-based study \[[@r10]\]. In the current study, it was possible to distinguish between normal and severe dysplasia at 800 and 840 nm, but not between normal and moderate dysplasia at these two wavelengths. However, all three classes were distinguishable at 890 nm based on intensity differences ([Fig. 3(f)](#g003){ref-type="fig"}). This result suggests that 2P excitation wavelengths in the 800-890 nm range may be well suited for detecting precancerous changes of the outer layer of the oral mucosa, in agreement with previously published reports for 1P (i.e. 400-450 nm) confocal spectroscopy of oral cancer \[[@r23],[@r37]\]. Differences in spectral peak characteristics were also noted in the stratum corneum. For example, the peak position of the normal mucosa emission was nearly constant at approximately 510 nm ([Fig. 3(e)](#g003){ref-type="fig"}) with increasing excitation wavelength. This is in contrast with dysplasia where the emission peak position increased from approximately 480 nm at 780 nm excitation to 520 nm at 890 nm excitation ([Fig. 3(e)](#g003){ref-type="fig"}). Thus although the dysplastic tissue is blue shifted relative to the normal mucosa at 780 nm, this shift decreased to zero at approximately 870 nm and is red shifted at 890nm. This observation can be explained on the basis of a significant increase in the keratin content. The emission spectra for the stratum corneum includes contributions from lipids such as phospholipids and lipofuscin which emit in the 540 nm range \[[@r38]\]. Given that pure keratin emits maximally at approximately 450 nm for 764 nm 2P excitation \[[@r30]\], the blue shift observed at 780 nm excitation ([Figs. 3(d)](#g003){ref-type="fig"} and [3(e)](#g003){ref-type="fig"}) implies that the proportion of keratin increases with dysplasia. This is consistent with the onset of hyperkeratosis. The decrease in the shift with excitation wavelength is probably the combined effect of non-optimal excitation of keratin and a slight increase in the contribution from other native fluorophores. Differentiation between normal and dysplasia was possible for the investigated wavelengths except at 840 nm based on the peak shift; but not between moderate and severe dysplasia at any investigated wavelength. Thus our results suggest that excitation of the stratum corneum at longer wavelengths (λ \> 800) may allow for effective premalignant discrimination albeit at the expense of spectral separation of the emission signals.

The results for the epithelium can be understood in terms of the dominant fluorophores which are NAD(P)H and FAD. For example, at 780 nm up to approximately 820 nm ([Figs. 5(a)-(b)](#g005){ref-type="fig"}), a significant blue shift of the emission spectra for the dysplastic mucosa relative to normal is observed. Given that both NAD(P)H and FAD are simultaneously excited at wavelengths near 780 nm and the emissions peaks are at 450 and 550 nm respectively, this shift is indicative of an increase in the proportion of NAD(P)H relative to FAD. This in turn implies a higher redox ratio and higher metabolic activity with dysplasia in agreement with expectation. Decoupling of the NAD(P)H signal at 780 nm revealed that the emission intensity of this metabolic co-enzyme is lower for dysplastic oral mucosa relative to normal tissue in both the superficial and basal epithelium (data not shown). However, this decrease was found to be statistically significant only between normal and severe epithelial dysplasia. A similar decrease in NAD(P)H intensity has been reported for human oral carcinoma studies \[[@r39]\]. At longer excitation wavelengths approaching 890 nm, primarily FAD is excited. Thus the emission peak separation is negligibly small at these wavelengths. This accounts for the trend in [Figs. 5(c)](#g005){ref-type="fig"} and [5(d)](#g005){ref-type="fig"}. Statistically significant spectral shifts between normal mucosa and dysplasia (p \< 0.001) are readily apparent for the shorter wavelengths, however statistically significant differences in the emission intensity are observed for longer excitation wavelengths as seen in [Figs. 5(e)](#g005){ref-type="fig"} and [5(f)](#g005){ref-type="fig"}. Quite interesting, it was possible to distinguish between the two classes of dysplasia (p \< 0.05) at 780 nm and 800 nm in the epithelium. Therefore, the optimum excitation wavelength for discrimination between normal and dysplastic mucosa in this layer appears to be 800 nm, since it simultaneously allows for good spectral separation and intensity based differentiation. We intend to confirm this in an expanded study in the near future.

Reports on the utilization of 2P imaging and FLIM measurements for redox ratio estimation have been published \[[@r27],[@r34],[@r35]\]. In the current work, we utilized point measurements to determine this value with strong agreement with previously published results for dysplasia of the oral mucosa \[[@r27]\]. A statistically significant increase in the redox ratio was observed for both moderate and severe dysplasia when compared to normal ([Fig. 6(b)](#g006){ref-type="fig"}). However, it was not possible to differentiate between the two classes of dysplasia using this parameter. It is interesting to note that a statistically significant difference in the redox ratio between the superficial and basal epithelium was detected for normal but not for dysplasia. This is consistent with the idea of a more homogenous distribution of cells with increased metabolic activity within this layer, with the progression of dysplasia. Overall, it appears that single wavelength excitation at 890 nm for class discrimination ([Figs. 5(e)](#g005){ref-type="fig"}--[5(f)](#g005){ref-type="fig"}) may be as efficacious as dual (780nm and 890 mm) excitation of the oral mucosa which is required for redox ratio determination.

The autofluorescence signal from the stroma is very weak compared to that of the overlying keratinizing and epithelial layers. However, similar trends for the emission peak position ([Fig. 7(d)](#g007){ref-type="fig"}) and intensity distribution ([Fig. 7(e)](#g007){ref-type="fig"}) are observed. Although smaller, a blue shift was also detected for this layer as reported for the stratum corneum and epithelial layer, but the origin is not as clear. A statistically significant intensity difference between normal and severe dysplasia was observed for each excitation wavelength but not for normal and moderate. It is possible that these results may be influenced by scattering and absorption at this depth \[[@r40]\] and further research is required to ascertain the origin of the observed spectral differences. A very strong SHG signal was detected in the stroma but the amplitude was not correlated with the progression from normal to dysplasia, nor was the ratio of SHG/AF (autofluorescence), as recently reported \[[@r41]\]. A weak SHG signal was detected in the epithelium ([Fig. 5(a)](#g005){ref-type="fig"}) and attributed to epithelial DNA \[[@r28],[@r42]\]. Other reports have confirmed the presence of a SHG signal in the epithelium \[[@r43]\]. The detected SHG signal in the basal epithelium ([Fig. 5(b)](#g005){ref-type="fig"}) likely originates from the underlying stromal collagen given that this layer is very thin. Since this signal is not present in the stratum corneum, the amplitude of this peak may be used for single acquisition point layer discrimination in the absence of imaging. We found that the ratio of the SHG to autofluorescence amplitude was excellent for determining the layer of signal acquisition, and that this metric was sensitive enough to differentiate between the superficial and basal epithelium (data not shown).

An extraneous small peak was observed near the SHG peak as shown in [Fig. 8](#g008){ref-type="fig"} for 890 nm excitation of the stroma (also at 840 nm not shown) and is possibly a Raman peak. Such a phenomenon has been reported for *in vivo* 2P spectroscopic characterization of mouse skin \[[@r36]\]. We observed a shift of the emission peak with excitation wavelength, and the presence of Stoke and anti-Stoke shifted peaks centered at the SHG peak. When converted to wavenumbers, a constant difference between the emission peak and SHG maxima was observed. The wavelength shifts were determined to be 1751 ± 117 cm^−1^ for the Stoke shifted peaks and 987 ± 77 cm^−1^ for the anti-Stoke peaks for the normal mucosa, in agreement with published findings in mouse skin \[[@r36]\]. The amplitude of this new peak was about three times greater with dysplasia than in normal mucosal tissue and further studies are planned to confirm this relationship.

In summary, the results of this preliminary study indicate that non-linear optical spectroscopy based on intrinsic signals may facilitate discrimination of different grades of dysplasia. While previous studies have examined individual spectral windows using multiphoton microscopy, the spectroscopic assessment conducted in the current study is helpful in defining the specific layer-resolved spectral and intensity changes that occur with dysplasia over multiple excitation wavelengths. Such knowledge could be highly useful toward the development of diagnostic approaches for oral precancers and cancer. From a basic perspective, it could be of interest to assess the earliest changes in a depth/layer-resolved manner in order to gain a better understanding of alterations at multiple layers of interest which may take place in neoplastic transformation. From a clinical perspective it may be of interest to specifically detect high-risk lesions which could be surgically removed, which generally include those with severe dysplasia. This study demonstrates a number of spectral possibilities that could be used to identify intensity or peak shift changes, the choice of which will be highly dependent upon the goal of detection and modality available. It will be of interest to investigate the changes beyond dysplasia to include oral squamous cell carcinoma and to exploit multivariate layer-resolved analysis for sensitivity and specificity evaluation of non-linear spectroscopy. This is important because notwithstanding the significant advancements in the application of linear spectroscopy techniques for the assessment of precancerous and cancerous alterations of the oral mucosa, full clinical translation is yet to be realized. It has been speculated that increased absorption and scattering due to increased micro-vascularization, changes in refractive index and thickening of the keratinizing layer (hyperkeratosis) may account for some of these limitations \[[@r24],[@r44]\]. Although 2P spectra will also be strongly influenced by these factors, the effect is likely to be less compared to 1P. A significant aspect of this study is that differentiation between normal and dysplasia, and even between different classifications of dysplasia was possible via examination of micro-regions. It is interesting to note that very little variation was observed between the three spectra acquired per investigated site when multiple measurements of the individual sites were analyzed for differences by ANOVA. These results are potentially important because of the implication that differentiation may be possible by sampling a few points instead of the full-field/large region of interest approach. Nonetheless it may be of interest to examine full field of view variations via pixel-by-pixel spectroscopic analysis of the sampled field.

5. Conclusion {#sec1-5}
=============

Oral dysplasia was investigated for the first time via two photon AF and SHG spectroscopy at multiple excitation wavelengths. Statistically significant changes were observed for all four investigated layers. In general, the spectra of the dysplastic mucosa are blue-shifted relative to normal, with the magnitude of this shift decreasing with increasing wavelength and depth. Analysis of the epithelial layer indicated a statistically higher redox ratio in the dysplastic mucosa for both the superficial and basal epithelium compared to normal. A statistical difference in the redox ratio between the superficial and basal epithelium was detected for normal but not for the moderate and severe dysplasia, consistent with the expectation of decreased metabolic differentiation in depth during pre-neoplastic transformation. In the case of the stroma, it was possible to differentiate between normal and dysplastic tissue based on autofluorescence changes but not via analysis of SHG signals. These preliminary results will serve to guide future 2P spectroscopy studies by helping to establish sensing parameters for precancerous changes in epithelial tissue, and may also provide some insight into the signal origin in 1P spectroscopy as well as the development of diagnostic tools in precancer/cancer imaging.
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